Abstract: Adsorption of pollutants on activated carbon is an effective air pollution control technique. In this study, a strong and non-uniform electric field was applied over an activated carbon fiber cloth. The adsorption kinetic of several organic compounds (Acetone, Acetaldehyde, Benzene, Cyclohexane, Ethanol, Methyl Ethyl Ketone, Toluene, 1-Propanol) on the activated carbon cloth was evaluated in the presence and in the absence of an electric field. Results suggest that its application enhances the adsorptive process. A linear correlation was found between such enhancement and the specific heat of liquefaction of the organic compounds.
Introduction
The adsorption on activated carbon is considered to be one of the most effective methods for the removal of pollutants from the air. Activated carbon cloth is widely used because it is easily implementable and commercially available. As the activated carbon production, regeneration and disposal costs can be a limiting factor for big scale applications, it is desirable to optimize the adsorptive process.
The use of non-thermal plasma induced by dielectric corona discharge is reported by many authors to be an effective way to oxidize many Volatile Organic Compounds (VOCs), both by coupling with a catalyst [1, 2] or by use on its own [3] . However, the application of a sufficiently high voltage to a thin electrode immersed in air can lead to the creation of reactive species [4, 5] , which are moved by the Coulomb force [6] .
Air consists of a mixture of oxygen (O 2 ) and nitrogen (N 2 ). When air is overstressed electrically, the oxygen molecule is split up into O and it becomes very chemically reactive [7] . Electron-impact reactions mainly occur in the corona plasma region. However, produced radicals may be transported outside of the corona plasma region.
The atoms can combine into O 2 or ozone, and if the electrical stress is very high, the oxygen enters chemical combination with the nitrogen, forming nitrogen oxides.
An exhaustive list of reaction mechanisms for ozone and nitrogen oxides production in positive corona discharges has been compiled by Chen et al. [4] but, by way of simplification, we can summarize the overall reaction in several steps: the initial step in formation of O 3 and NO x is given by the dissociation of molecular O 2 and N 2 by electron impact: and NO 2 is formed by the further reaction of NO:
thus, different forms of nitrogen oxides are expected to form, only NO and NO 2 where monitored. Free electrons and negative ions formed in the inter-electrode space are accelerated towards the positive corona electrode by the electric field. In the proximity of the wire, named the corona plasma region, electrons are subtracted from gas molecules generating positive ions, which then migrate opposite the discharge electrode ( Figure 1 ). Under the influence of an electric field, ions experience a force directing them toward the electrode that is charged oppositely to the charge on the ion. Free electrons and negative ions formed in the inter-electrode space are accelerated towards the positive corona electrode by the electric field. In the proximity of the wire, named the corona plasma region, electrons are subtracted from gas molecules generating positive ions, which then migrate opposite the discharge electrode ( Figure 1 ). Under the influence of an electric field, ions experience a force directing them toward the electrode that is charged oppositely to the charge on the ion. Consider the following generic transport equation, where denotes the total flux of the icharged species, represents the diffusivity, represents the velocity field, represents the charge number of the ion, represents the electrochemical mobility of the ion, is the electric potential (V), and ∇ represents the electric field [8] .
= − ∇ + − ∇ The first contribution in Equation (1) is diffusive, which can be neglected because of the presence of the second advective term, representing the unidirectional flow induced by the fan. The third contribution describes the migration of the charged species under the external-applied electric field.
The aim of this study is to investigate the effect of an electric field applied to an adsorbent material in order to enhance the efficiency of gaseous organic pollutants removal. The test setup has been designed so that it can be representative of a modular process, easily implementable in pollution control technology.
Materials and Methods
The activated carbon cloth used is commercially available, provided by Purification Products Limited. Its characteristics are reported in Table 1 . Consider the following generic transport equation, where N i denotes the total flux of the i-charged species, D i represents the diffusivity, u represents the velocity field, z i represents the charge number of the ion, u i represents the electrochemical mobility of the ion, φ is the electric potential (V), and ∇φ represents the electric field [8] .
The first contribution in Equation (1) is diffusive, which can be neglected because of the presence of the second advective term, representing the unidirectional flow induced by the fan. The third contribution describes the migration of the charged species under the external-applied electric field.
The activated carbon cloth used is commercially available, provided by Purification Products Limited. Its characteristics are reported in Table 1 . The determination of DC conductivity σ, was calculated by measuring the resistance R and the dimensions of the conductor (l, length and S, cross-sectional area) as follows:
The DC electrical conductivity, measured in room condition and averaged from four samples, is equal to 2.7 ± 0.6 S/cm. All of the organic compounds used (Acetone, Acetaldehyde, Benzene, Cyclohexane, Ethanol, Methyl Ethyl Ketone, Toluene, 1-Propanol) are of lab-grade purity and were purchased from Carlo Erba reagents S.A.S. These selected compounds have been chosen as representative for common organic pollutants.
The sample holder on which the specimens were placed is represented in Figure 2 . A thin (180 µm diameter) tungsten wire electrode (discharge electrode) is set to positive polarity, whereas the opposite electrode (collector) is earthed trough two grounded connections at the ends of the activated carbon cloth sample. A fan, with trough apposite deflectors, induces an air flux quasi-parallel to the sample. The driving force of the electric field produces in all charged particles a vertical velocity component in the direction of the potential gradient. The determination of DC conductivity , was calculated by measuring the resistance R and the dimensions of the conductor (l, length and S, cross-sectional area) as follows:
The sample holder on which the specimens were placed is represented in Figure 2 . A thin (180 µm diameter) tungsten wire electrode (discharge electrode) is set to positive polarity, whereas the opposite electrode (collector) is earthed trough two grounded connections at the ends of the activated carbon cloth sample. A fan, with trough apposite deflectors, induces an air flux quasi-parallel to the sample. The driving force of the electric field produces in all charged particles a vertical velocity component in the direction of the potential gradient. The sample holder is placed inside a 13 L glass box in which temperature and relative humidity are monitored (R.H. = 59 ± 6% T = 24 ± 2 °C) through a SHT21 (±0.3 °C ± 2%) sensor. Sample temperature is also monitored by using a MLX90614 IR thermometer (±0.5 °C) (Melexis NV, Ieper, Belgium). Air samples inside the box are collected and analyzed every 3 min by an automatic photoacoustic transducer system (Brüel and Kjaer Multi-gas Monitor Type 1302, Naerum, Denmark) equipped with UA0982, UA0984, UA0987, SB0527 filters. The initial amount of a determined organic compound injected into the test box is 33.5 mmol. Data collection starts 30 s after the initial injection, in order to account for its full vaporization.
To fit the experimental data, a pseudo-second order kinetic, as described by Ho [9] , was adopted. The sample holder is placed inside a 13 L glass box in which temperature and relative humidity are monitored (R.H. = 59 ± 6% T = 24 ± 2 • C) through a SHT21 (±0.3 • C ± 2%) sensor. Sample temperature is also monitored by using a MLX90614 IR thermometer (±0.5 • C) (Melexis NV, Ieper, Belgium). Air samples inside the box are collected and analyzed every 3 min by an automatic photoacoustic transducer system (Brüel and Kjaer Multi-gas Monitor Type 1302, Naerum, Denmark) equipped with UA0982, UA0984, UA0987, SB0527 filters. The initial amount of a determined organic To fit the experimental data, a pseudo-second order kinetic, as described by Ho [9] , was adopted.
where q e is the amount of adsorbate (mg cm -2 ) at equilibrium, q t is the amount of adsorbate (mg cm -2 ) at any time t, and h is the initial adsorption rate (mg cm -2 min −1 ) as q t /t approaches 0. In Equation (1), the pseudo-second-order model constants can be determined experimentally by plotting t q t against t. ε, the differential kinetic removal index accounts the different rate of adsorption with and without the application of the electric field. It is evaluated as follows:
To determine the amount of nitrites and nitrates adsorbed on the ACC, the sample is placed into an airtight container with approximately 40 mL of ultrapure water and subsequently mixed for 24 h on a suitable rotary shaker (Heidolph Reax 20, Schwabach, Germany), at a speed of 4 min −1 . Then, the aqueous solution is analyzed through a liquid ion chromatography (IonPac Dionex AS23 Anion-Exchange Column, Waltham, MA, USA) in the first 3 h subsequent the extraction with water.
Results

Removal Enhancement
The differential kinetic removal index was plotted against the specific heat of fusion of selected organic compounds. Figure 3 demonstrates that:
• the kinetic of disappearance of the all organic compounds tested, under an external applied electric field, it is faster compared to the one in the absence of the electric field. This implies a positive ε, according Equation (3); • a linear correlation fits the experimental data at different applied potentials; • organic compounds having a low specific heat of fusion are more subject to such enhancement.
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To determine the amount of nitrites and nitrates adsorbed on the ACC, the sample is placed into an airtight container with approximately 40 mL of ultrapure water and subsequently mixed for 24 h on a suitable rotary shaker (Heidolph Reax 20, Schwabach, Germany), at a speed of 4 min −1 . Then, the aqueous solution is analyzed through a liquid ion chromatography (IonPac Dionex AS23 AnionExchange Column, Waltham, MA, USA) in the first 3 h subsequent the extraction with water.
Results
Removal Enhancement
• the kinetic of disappearance of the all organic compounds tested, under an external applied electric field, it is faster compared to the one in the absence of the electric field. This implies a positive ε, according Equation (3); • a linear correlation fits the experimental data at different applied potentials;
• organic compounds having a low specific heat of fusion are more subject to such enhancement. Considering a linear relation between the angular coefficient of the interpolant line and the applied potential, and by its substitution into the experimental relation found, the following interpolant function was determined and plotted in Figure 4 .
where is the specific heat of fusion, Δ is the applied potential and a, b, c, d are experimental Considering a linear relation between the angular coefficient of the interpolant line and the applied potential, and by its substitution into the experimental relation found, the following interpolant function was determined and plotted in Figure 4 .
where λ is the specific heat of fusion, ∆ is the applied potential and a, b, c, d are experimental coefficients. Cyclohexane kinetic at 7.1 kV was not included into the model. Fitted parameters are reported in Table 2 . 
Subsequent Adsorption Tests
In this test, the same amount of Methyl Ethyl Ketone (MEK, 30 µL) was injected inside the box every 60 min for 7 h. Collected data was treated as previously described. Results are reported in Figure 5 . Fitted parameters show:
• the adsorption rate under the electric field initially doubled the one without the electric field, decreases in subsequent tests (a); • the amount of adsorbate decreases slightly faster at 60 min into the test in the presence of the electric field (b). 
• the adsorption rate under the electric field initially doubled the one without the electric field, decreases in subsequent tests (a); • the amount of adsorbate decreases slightly faster at 60 min into the test in the presence of the electric field (b).
Environments
(a) (b) Figure 5 . Variation of the adsorption parameter for subsequent injection of MEK: (a) h, initial adsorption rate and (b) q e , amount of adsorbate at t = 60 min with and without the application of an external electric field.
O 3 , NO 2 and Nitrates
Additionally, accumulated nitrites and nitrates over the adsorptive sample were quantified. Table 3 shows the amounts of nitrogen as nitrites and nitrates accumulated on the adsorptive sample, resulting from the analysis of the sample leaching liquor, and the amount of nitrogen dioxide and ozone generated during the test at various electrical potentials applied. By increasing the electrical potential applied, the concentrations of ozone and nitrogen dioxide generated within the test box increased jointly with the level of nitrites and nitrates found in the leaching ACC sample liquor.
Discussion
The enhanced disappearance rate of selected organic compounds can be explained (i) by the generation of reactive oxidative species ( OH radical and hydrogen peroxide), who take part in the degradation of such compounds [10, 11] , (ii) by the modification of the sorbent surface [5, 12] , and (iii) by the electric polarization of the compounds [13, 14] .
The decomposition of several VOCs in presence of a positive DC streamer discharge was studied by Li et al. [15] . However, CO and CO 2 concentrations were monitored during all tests and did not show any significant increase. For those reasons, it is unlikely that a complete VOC mineralization can occur.
Kodama [12] and Lee [6] both highlighted the role of oxygen in plasma, which creates oxygen radicals that react on the surface of activated carbon, resulting in the creation of weakly acidic functional groups. In our study, the acidification of the adsorbent material is justified by the presence of nitrites and nitrates on the activated carbon, resulting from the dissociation of nitric and nitrous acids. The higher concentration of nitrites compared to nitrates can be related to the carbonaceous Environments 2017, 4, 33 7 of 8 nature of the adsorbent material [16] . The accumulation of nitrites and nitrates on the sample can also explain the decrease in the amount of MEK adsorbed at t = 60 min under subsequent testing (Figure 3b) , due a faster depletion of the active sites.
The presence of dielectric air between the positively charged corona and the grounded collector plate, where the ACC is placed, results in the formation of a negative charge on the surface of the ACC due to the electrostatic induction. Moreover, the effect of the strong electric field induced by the discharge electrode leads to a deformation in the molecule (i.e., a local displacement of the molecular charge), known as molecular polarizability [17] , which is proportional to the intensity of the local field. For this reason, some authors linked the increased activity in VOC removal with the ionization potential [3] , or with the hydrogen weight fraction of the compound [18] .
In our study, an interesting correlation was found by plotting the kinetic increase along the specific heat of fusion. Another correlation was also found with the chemical hardness [19] , but it was not presented in this paper due to the lack of experimental values.
Physical adsorption is known to be intrinsically weak and to be characterized by relatively small heats of adsorption, close to the enthalpy of liquefaction of the adsorptive material, and typically comprised in the 5−45 kJ mol −1 range [20] since it is essentially a condensation process analogous to liquefaction on the absorbent material. Indeed, the number of degrees of freedom possessed by the adsorbed species is less than one prior to adsorption, because the entropy of the absorbent material is unaltered since no chemical reaction occurs. Our results suggest that VOCs with lower heat of fusion are more favored by the electric field, as reported in Figure 2 , because of a stronger electrical-induced dipole.
Conclusions
The objective of this study was to highlight a synergistic aspect between two widely known technologies, in order to propose a new hybrid process in the field of pollution control technologies [1] .
The application of an external electric field, by a thin wire (having a potential ranging between 3.2 and 11 kV) on a grounded activated carbon cloth, showed an increased disappearance rate of selected organic compounds.
Electrostatic precipitation is a widely known and adopted technology for the removal of fine particles, which are charged by ions generated by the electric field and accumulated on the collector electrode. Its implementation with a proper adsorbent material, as an ACC, can also synergistically enhance the removal of other gaseous pollutants.
This enhancement is a function of the applied potential and of the organic compound; in particular, a good correlation with the specific heat of fusion was found and a correlation with the chemical hardness was suggested. These experimental results suggest that, in the interaction between the adsorbate and adsorbent materials, the first may be more affected to the applied electric field effect.
Micro-discharges over the electrode surface generates active species which can react with the organic compounds or which can modify the surface of the adsorbent material. The formation of ozone may be limited by lowering the applied potential or by increasing the affinity with the ACC. However, ozone can have a beneficial effect on activated carbon by enhancing the ozone transformation into ·OH radicals [21] , and to create more acid sites on the surface [5, 12] . The accumulation of nitrites and nitrates on the activated carbon by NO 2 production can limit its adsorptive capacity. However, experimental results show that the kinetics of adsorption can be increased up to 10-fold under electric field.
Further studies are intended to pursue the optimization of this process by choosing different adsorbent materials, and to gain a better understanding of the nature of such an enhancement by using different gases instead of air.
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